High-temperature and melting behaviour of nanocrystalline refractory compounds: an experimental approach applied to thorium dioxide The last two decades have witnessed a growing interest toward the synthesis of nanocrystals (NCs) within a broad range of chemical compositions [1, 2] . NCs constitute interesting building blocks of both fundamental and technological importance because of their size-and shapedependent properties [3] [4] [5] [6] . Hence, determining the modification of physical and chemical properties of nanomaterials as a function of size and shape is of prime importance in order to design novel nanomaterials with innovative functional properties. Such a goal constitutes a particularly challenging task when dealing with very high temperatures. The use of refractory nanomaterials conceived to operate under extreme conditions, could be limited because of the melting point variation. Melting point depression of free NCs was indeed theoretically predicted since 1871 [7] and 1909 [8] , based on the higher contribution to the solid′s free energy due to the large surface/interface area, compared with bulk materials. Much more recently, this effect was experimentally observed for low-dimensional metals and semiconductors [9] [10] [11] [12] [13] [14] [15] . Due to the extreme conditions (temperatures above 2500 K, high vapour pressure, reactivity with the containment etc), neither nanocalorimetry, high-temperature x-ray diffraction, in situ electron microscopy nor other thermal analysis techniques usually employed to study nanomaterials [9] [10] [11] [12] [13] [14] [15] can be applied to refractory nanomaterials. In this paper, laser heating under self-container conditions and controlled atmosphere [16] was applied to nc-ThO 2 up to high temperature, well beyond 3000 K. The sample radiance temperature was recorded by fast multi-wavelength pyrometry, while a laser-probe signal was used to detect the eventual formation of liquid on the sample surface. The sample's crystalline structure as well as crystallite size and morphology were analysed before and after laser heating cycles by means of scanning and transmission electron microscopy (SEM, TEM), powder x-ray diffraction (PXRD) and micro-Raman spectroscopy (μRS). Although the latter is an analytical method widely applied to nanomaterials [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , it is employed here in a peculiar fashion. The characteristic broadening of vibrational peaks, related to the confinement of phonons in crystallites whose dimensions are small (indicatively below 50 nm) [17] , is directly correlated to the crystal grain size in order to obtain a semi-empirical relation. Such a relation is then used to estimate the local grain size after the laser heating experiments. This approach complements therefore TEM and PXRD characterizations. It is even in a way more flexible, in that it permits a local analysis of the sample surface which can be only partially melted or agglomerated following the laser heating. For example, if a sub-second thermal excursion over 3000 K induced by laser-heating in a nano-structured solid leads to the formation of microscopic crystallites on extended areas, this can be taken as a clear sign that part of the material underwent a melting/freezing transition. The sub-second, local formation of such macroscopic crystallites can be easily observed with the help of the current Raman spectroscopy approach.
Thorium dioxide has the highest melting point among the common oxides (3651 K [27] ), good chemical stability toward oxygen [28] and good sensitivity to Raman scattering [29] . It has therefore been chosen as a test material to initiate this kind of experimental study. The current results provide a first insight on the high-temperature stability of this newly synthesised material [30, 31] .
Finally, it should be added that investigations on the thermal stability of actinide-based nano-oxides are of particular interest both to deepen thermodynamic properties of actinides and to explore their potential applications in the nuclear industry [32] , e.g. as advanced fuels [33] .
Materials and methods

nc-ThO 2 preparation
ThO 2 NCs were synthesized by a non-aqueous method described elsewhere [30, 31] . The asprepared NCs were used to prepare nc-ThO 2 . Dried ThO 2 NCs were compacted with a hydraulic press (P ≈ 3 MPa). Then, the resulting pellets (3 mm in diameter and a few mm of thickness, depending on the amount of material available, typically between 10 mg and 50 mg) were heat treated under air for 1 h at 600 K and 700 K in order to remove organic ligands used to stabilize the ThO 2 NCs [30, 31] . The preliminary heat treatment was necessary in order to avoid the fast vaporization of the organic ligands during laser heating, resulting in the loss of the mechanical integrity of the pellet. The heat treatment did not produce any excessive crystallite growth whose size was (4 ± 1) nm, as estimated from TEM images and Rietveld refinement of PXRD patterns. Furthermore, Raman spectra recorded on the annealed powder revealed that ligand removal was nearly complete, as the peaks characteristic of the ligand mostly disappeared.
Laser heating technique and experimental procedure
Bulk-refractory oxides have been successfully melted using sub-second laser heating coupled with pyrometry. A full description of the experimental apparatus employed in this study and related background can be found elsewhere [16, [34] [35] [36] [37] . The tuneable fast heating typical for this experimental approach (power versus time profile is programmable with a resolution of 1 ms) is crucial in order to limit grain agglomeration and growth and study the high-temperature behaviour of nanomaterials, including a possible melting point variation as a function of the crystallite size. The sample, held in an autoclave under controlled atmosphere (dry air pressurised at 0.3 MPa), is heated by a 4.5 kW cw Nd:YAG TRUMPF ® laser. The nc-pellet was held in a crucible made of bulk-ThO 2 . Bulk-ThO 2 was used in order to avoid crucible melting and chemical reactions with the sample itself. Upon the heating stage, possible phase changes and, in particular, the eventual onset of melting is detected by the appearance of vibrations in the signal of an Ar + probe laser reflected by the sample surface (Reflected Light Signal technique, or RLS) [16] . The sample cools naturally when the laser beam is switched off. The sample surface temperature is recorded by fast pyrometers on a circular spot of half a millimetre in radius. These pyrometers operate in the visible-near infrared range between 550 nm and 920 nm, and are calibrated against a tubular graphite blackbody cavity. The reference pyrometer wavelength is here 655 nm, directly calibrated with a standard W-filament lamp according to the procedure reported in [16] .
The normal spectral emissivity (ε λ ) of bulk-and nc-ThO 2 was measured by fitting the radiance spectra recorded by 180 photo-detectors between 550 nm and 920 nm. This parameter was then used to obtain the sample surface temperature from the radiance intensity L λ measured by the reference pyrometer at 655 nm, by using Planck′s equation for a real surface [16] :
where λ is the wavelength, T the absolute temperature, c 1L = 2 h · c 0 2 is the first radiation constant and c 2 = h · c 0 · k B is the second radiation constant, where c 0 is the speed of light in vacuum, h Planck's constant, and k B Boltzmann's constant. For the purposes of the present work, the index of refraction is always taken to be equal to 1 (being the current medium air or an inert gas close to atmospheric pressure). Most refractory oxides, like ThO 2 , display few or no electronic transitions in the visible-near infrared spectral range explored in this research. It is therefore reasonable to apply in in this spectral domain the simplifying hypothesis that ε λ is independent of the wavelength (grey body assumption).
Various experimental techniques were used to characterize the sample before and after the laser heating cycle, i.e. PXRD, SEM, EDX, TEM and micro-Raman spectroscopy. Synthetic schemes of the entire experimental procedure as well as the laser heating system and details about the experimental characterization techniques employed can be found in the online supplementary data (stacks.iop.org/MRX/1/025034/mmedia).
Results and discussion
Raman spectroscopy: calibration curve
Red shift and broadening of the triply degenerate T 2g peak of ThO 2 fluorite structure in nanocrystalline samples has already been observed in previous research [38, 39] . In this study, small (microgram) nanocrystalline samples were annealed under air in a furnace at different temperatures to induce particle growth and to track the evolution of the peak characteristics with the mean grain size.
Bulk ThO 2 was used as a reference. The T 2g peak was measured at 465 cm −1 [29, 40] with a full width at half maximum (FWHM) of 7.73 cm −1
. Interestingly, figure 1(a) shows a progressive red shift and broadening of the T 2g peak when the crystallite size gets smaller. In particular, the effect is more pronounced at very small dimensions. Size of the evolved crystallites was determined using TEM image analyses, and, in one case, it was also possible to confirm results from Rietveld refinement of PXRD pattern, as reported in table S1 and figures S1 and S2 in the online supplementary data.
Several factors can contribute to the observed changes in the Raman peak position and linewidth. These include phonon confinement, strain, broadening associated with the size distribution, defects, and variations in phonon relaxation with particle size [20] . In particular, phonon confinement leads to the relaxation of the q ≈ 0 selection rule for finite-size crystals [17, 41, 42] . The phonon confinement model has been applied to compare experimental data with theoretical predictions in the nanostructured samples (see appendix A). Further studies are needed to fully develop this aspect of the research.
At this stage and for the aim of the present study, peak characteristics (i.e. peak position and FWHM) were empirically used as a fingerprint of the local crystallite size. The FWHM was less affected than the peak position by laser parameters that cannot be precisely controlled (i.e., polarization, laser power). Therefore, the FWHM was chosen as the most reliable parameter to be correlated to the inverse grain size, as reported in figure 1(b) . Despite some scattering most probably related to inhomogeneity in the particle size after the annealing, the grain size dependence of the Raman T 2g peak half-width can be fitted reasonably well with a linear interpolation, as already reported for other nanocrystalline materials [26] . figure 2(a) .
The thermogram of bulk ThO 2 ( figure 2(a) ) shows delay in temperature rise, due to semitransparency to the laser wavelength [27] . This corresponds to an anomalous increase observed in the optical absorptivity/emissivity of thoria at temperatures between 1500 K and 2000 K. It has been attributed [27] to absence of 5f electrons in thorium, shifting, at room temperature, the optical absorption band to energies beyond the visible range. At higher temperature, instead, visible light absorption is permitted by a considerable increase of the oxygen defect concentration. Interestingly, such a phenomenon is much less pronounced in the nc-ThO 2 curve ( figure 2(d) ), possibly related, in the nanomaterial, to effects of the large grain boundary area on the actual oxygen defect concentration, even at room temperature.
The literature high-temperature spectral emissivity value for bulk thorium dioxide is ε λ = 0.87 [27] , experimentally confirmed and adopted here also. On the other hand, it is well known that the emissivity of small particles can vary with their radius, as a direct consequence Blue solid line shows RLS from sample surface. Dashed red square shows vibrations on the RLS signal which can be attributed to the formation of liquid on the nc-ThO 2 sample surface. (e) BSE image of the laser-heated nc-ThO 2 sample. Red arrows indicate aerosols re-deposited on sample surface. The base layer is homogeneous and characterized by several cracks, due to the high temperature gradients during heating/ cooling process. The almost complete absence of porosity is remarkable here, very similar to the molten mass in bulk ThO 2 . (f) BSE image of aerosol particles re-deposited on the sample surface upon cooling. of the geometrical absorption cross section dependence on the particle size [43] . In the present investigation, the emissivity of nc-ThO 2 was measured using the mentioned multi-wavelength pyrometry approach with the above-mentioned grey-body assumption. In the wavelength range of operation, the measured mean value of emissivity was 0.74. This value was therefore adopted in order to obtain the real sample temperature from the radiance emitted by the hot bulk-or ncThO 2 sample through equation (1) [16] .
The temperature reached in the bulk ThO 2 sample was well beyond the melting temperature of the bulk material (here detected at 3631 K, in good agreement with literature [27] ), whereas the temperature in nc-ThO 2 , heated with the same laser power profile, never exceeded 3350 K. In the latter case, the RLS curve revealed, in the temperature range 2900-3300 K, the onset of vibrations which might correspond to the presence of liquid formed from nano-structured ThO 2 at temperatures considerably lower than the melting point of bulk ThO 2 .
The radiance signal (thermogram in figure 2(d) ) recorded on the nano-structured sample lost stability at temperatures much lower than the one corresponding to the bulk sample: after a steep increase, the temperature oscillates broadly without any further increase. This feature can be partly due to non-congruent evaporation/mechanical instability of the surface under the laser beam, but it can also be a consequence of the metastability of the liquid probably formed with respect to resolidification into bulk solid [44, 45] . Small systems can exhibit phase changes different from those of bulk matter, with dynamical coexistence of phases in a more or less extended temperature range [45] . Statistical thermodynamic theory of small systems has been extended to explain formation and persistence of such metastable states [44, 46] . The fact that the shape of the thermogram could be affected by the metastability of the forming liquid is still an intriguing open question to be deepened in further research. Independently, proving that melting was actually produced in nc-ThO 2 at a temperature considerably lower than that foreseen for the bulk material, constitutes a somewhat difficult challenge. Comparing the microstructures of the bulk-and nc-ThO 2 can shed some light on this question. The microstructures of bulk-and nc-ThO 2 after laser heating are shown in figure 2(b), (c) , (e), (f), respectively. Figure 2(b) and (c) show the interface between the molten pool (left part) and unmolten zone (right part) of the bulk ThO 2 sample. Some differences between the microscopic structure of the unmolten and molten bulk ThO 2 are clearly visible. The molten part displays a dense, homogeneous structure free of porosity, features typical for recrystallization from a liquid [47] . Instead, the unmolten part is characterized by partially sintered grains whose size is below 5 μm and characteristic high residual porosity [48] . Post-melting SEM images of the ncThO 2 5 sample (figure 2(e)) showed a homogeneous base layer displaying several similarities with the molten zone of the bulk sample. Thus, the formation of such microscopic crystallites as a result of a sub-second heating would certainly be attributable to melting and resolidification rather than mere grain agglomeration. Partial vaporisation of the ThO 2 nano-crystallites certainly occurred, too, as signified by the presence of 'aerosol' spots on the sample surface after the laser heating experiments ( figure 2(f) ). The aerosol observed can be divided in two classes: spherical individual particles of a few μm diameter and smaller (size of hundreds of nm) polyhedral structures ( figure 2(f) ). The first kind of particles may originate from the liquid matrix, expelled by mechanical shock wave induced by the laser impact, whereas the smaller nanometric particles might be formed by rapid condensation of the vapour [49] .
Direct observation of crystallites after laser heating is extremely hard by TEM (for which the 'refrozen' grains would be too large) and by PXRD (for which the mass of melted material -much less than one mg-would be too little). This fast formation of large crystallites was observed in this work with the help of micro-Raman spectroscopy. The linear relationship previously reported ( figure 1(b) ) was used in order to map local grain sizes in samples after the laser heating experiments, as shown in figures 3(a) and (b). It can be seen that only the central part shows a large and obvious grain size increase. The crystallite size estimation obtained using Raman spectroscopy was qualitatively in agreement with TEM analyses, which showed big crystalline domains of hundreds of nm ( figure 3(c) ), but also that small grains were still present (mean size 20 nm, figure 3(d) ). The smallest grains were located at the border of the pellet, whereas the bigger ones were part of the central, melted and refrozen surface.
The current experiments provide, therefore, first evidence that a very large and fast growth of the grain size, certainly resulting from a solid-liquid-solid phase transition, occurs for this nano-crystalline refractory oxide at temperatures well below (400 K to 600 K) the melting point of the corresponding bulk material.
The several phenomena observed at very high temperature (melting, vaporization, formation of aerosols and variation of optical properties) resulted in a radiance signal too complex to permit a more precise estimate of the eventual melting temperature depression. Nonetheless, the present observations ensure that big and obvious differences exist between the high temperature behaviours of bulk and nc-thorium dioxide. They constitute therefore a first important step into a challenging and intriguing research field, which can logically be extended to the analysis of other nanostructured refractory materials.
Conclusions
An exploratory experimental approach for the study of the very high-temperature behaviour (close to the melting transition) of nanocrystalline (around 4 nm) refractory ThO 2 was successfully applied in the present work. Very likely formation of metastable liquid from the nanostructured ThO 2 was observed between 400 K and 600 K below the melting temperature of the corresponding bulk material (3631 K), giving first proof that melting-point depression due to grain size effect can be huge also for nanostructured refractory oxides with very small grains. The local mapping after melting of the grain structure in ThO 2 samples has been done by means of Raman spectroscopy, as vibrational properties change according to grain size, mainly due to phonon confinement, in the crystalline domain. The use of this technique allowed a local analysis on the micro-scale, and avoided destruction of the sample and time-consuming sample preparation. The experimental approach adopted will therefore be used to investigate other nanostructured and Raman sensitive refractory oxides.
determined by TEM (see table S1 in the online supplementary data). No variation of the lattice parameter was measured for the NCs sample (see supporting information in [31] ), so no microstrain effect was included in the model. According to the model, the Raman intensity I(ω) of the triply degenerate T 2g mode was calculated over the whole Brillouin zone (BZ), assumed to be spherical and isotropic, by the following relation [22] [19], where Δω i are calculated from the curves reported in [40] and ω 0 is the measured wavenumber of the T 2g mode in bulk material, β the confinement factor. The calculated Raman spectra (solid line) for 14 nm size ThO 2 and the experimental data (dotted line) are presented in figure A.1(a) . In the calculated spectrum the value of the confinement factor β was set as parameter. The best fit was obtained for β = 7.919 considering opportune scaling of the contribution of the three branches. It was not always possible to obtain good agreement between the different experimental spectra and the calculated ones using this parameter value, probably due to limited applicability of the model when the particle size gets smaller (see figure A.1(b) ). 
